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INTRODUCTION
Existing engineering design methods can treat time-dependent material behavior such as creep in the design and analysis of ceramic structural components. However, life prediction and reliability estimation are implemented with post structural analysis data, using a Weibull based statistical model (Cuccio et al., 1994) . Loading history dependency and viscoplastic effects on structural performance of ceramic components at high temperature are often simplified or ignored as minor details due to the lack of appropriate provisions in the existing design analysis techniques.
Deformation and rupture behavior of ceramic materials such as silicon nitride (Si 3N4) at high temperatures are generally sensitive to loading or stressing rate. The sensitivity is attributed to the viscous behavior of an amorphous intergmnular second phase material used as a densification aid in the fabrication process. In tensile testing at low temperatures, most ceramic materials behave as elastic solids. At high temperatures, the materials may still behave elastically if stressing rate is sufficiently high. However, the range of elastic response decreases and inelastic deformation becomes discernible before rupture occurs as stressing rate decreases. A viscoplastic model (Ding et al., 1994a) was developed recently for use in characterizing creep and creep rupture behavior of a grade of Si 3N4 ceramic material, commercially known as (IN-10 Si3N4I , subjected to general thermomechanical loading conditions. This paper demonstrates that the model, by the nature of the formulation methodology known as the state variable approach (Rice, 1971) , is capable of predicting the time-dependent viscoplastic behavior in uniaxial monotonic tension (also known as dynamic fatigue behavior in the ceramic industries), ultimate tensile rupture strength, and rupture time. Comparisons are made between predictions and experimental data obtained at elevated temperatures using different stressing rates, and results are discussed.
VISCOPLASTIC MODEL
A refined model (Ding et al., 1994b) capable of predicting both creep deformation and creep rupture life was developed based on creep data obtained for UN-10 Si 3N4, using the state variable approach. Besides the inelastic strain variable (a), the model employs two state variables, namely, a hardening variable (6) and a damage variable (co) to characterize the current mechanical state of the material. The model consists of three equations in a rate form as shown in the following. Equation 1 is a flow rule that describes the inelastic strain rate () as a function of the hardening variable, applied stress (a), and temperature (T); Eqs. 2 and 3 are two evolution rules for the two state variables. t is in It,e in microstrain, T the absolute temperature in IC, R the gas constant, cc, the threshold stress below which creep is assumed to be negligible, and a the transition stress above which the creep rate is a linear function of stress and a nonlinear function otherwise.
The hardening variable which characterizes the internal state of creep resistance is assumed to be & = 1 at the initial state of the material but increases monotonically under stress and thermal exposure as time elapses. The damage variable which characterizes the state of internal damage is assumed to vary from = 0 at the initial state of the material to = 1 that, according to Eq. 3, yields Cu = OD signifying a rupture failure.
It should be noted that Eqs. I and 3 are individually coupled with Eq. 2 through S but mutually independent from each other. This implies that creep deformation and fracture are assumed to be two independent processes. The justification for such formulation was based on postmortem examinations of previous experimental results (Ding et al., 1994c) , which indicate that the fracture failure of the material in tension is caused primarily by localized damage such as the growth of a dominant preexisting internal defect rather than distributed damage induced by void nucleation, growth and coalescence, although the latter damage process may be occurring concurrently but contributing neither overwhelmingly nor synergistically to the ultimate failure.
Decoupling of Eqs. 1 and 3 is plausible for the case of tensile loading in view of the short rupture lifetime that is usually required. The hardening of grain boundary phase was found to be the major factor that enhanced the resistances of both creep and creep fracture of ON-10 ceramic. The creep rate and damage rate are, therefore, assumed to be inversely proportional to 15, as expressed in Eqs. 1 and 3, respectively. Detailed discussions concerning the formulation of the model are referred to elsewhere (Ding et al., 1994b) .
The viscoplastic model presented in earlier sections was tailored to best represent the creep behavior that exhibits monotonically decreasing creep. For some ceramic materials that exhibit a relatively brief period of primary creep followed by an extensive period of steady-steady creep, the model can be modified to approximate the creep behavior without the loss of generality in the present application because tensile fracture is accomplished in a short period of time and the steady-state creep rate does not significantly influence the final outcome.
EXPERIMENTAL DETAILS Material and Specimen
The material used in this study was a high grade of hotisostatically-pressed (HIP) Si 3N4, marketed as ON-b, which contains small amounts of Y203 and Sze as densification aids. Nominal density was 3.23 g/cm 3. A fracture surface (Fig. 1) shows prismatic grains on the order of 1 to 1.5 am in diameter and an average aspect ratio of about 4, nearly isotopically distributed with well dispersed pores typically smaller than I um in diameter.
Buttonhead specimens (Fig. 2a) were machined from tiles having a nominal size of 190-mm x 100-mm x 20-mm thickness, without any post-sintering heat treatment. The specimen (Fig.   2b ) has a 6.3-mm gage diameter and a 32-mm uniform gage section. All circumferential grinding marks in the reduced gage section were removed by final longitudinal grinding with the grinding wheel placed in alignment with the specimen axis until the specimen surface had a finish of 0.4 um (rms). Neither postmachining heat treatment nor surface polishing was given to the specimen gage section.
• FIG. 1 
FIG. 2 -(A) A BUTTONHEAD TENSILE SPECIMEN AND (B) SPECIMEN GEOMETRY TestInq Equipment and Method
All testing was performed using a closed-loop controlled electrohydmulic testing machine equipped with a set of hydrostatically operated self-aligning specimen grippers in the loadtrain assembly (Fig. 3) . The self-aligning specimen gripper is a unique device designed to eliminate bending in the test specimen due to load column misalignment (Liu and Brinkman, 1986) .
Specimen heating was accomplished by an induction heater (Liu, 1988 ) with a SiC susceptor. A ceramic specimen visible in Fig. 3 is flanked by two induction coils during heating.
Tensile strain was measured directly from the uniform gage section using a mechanical extensometer (Liu and Ding, 1993) instrumented with a sensitive capacitive transducer capable of measuring strain with accuracy of a few microstrain. A view from the transducer end of the extensometer installed at the test position is shown in Fig. 3 .
TEST RESULTS
Nine specimens were tested in monotonic tension using two different stressing rates of 7.5 and 2100 MPa/min, two specimens each at 1150, 1200, 1250, and three at 1300°C. Test results are summarized in Table 1 , and stress-strain curves are shown in Fig.  4 . The influence of stressing rate on the tensile behavior of this material is clearly indicated in Fig. 4 . Testing under the high stressing rate of 2100 MPalmin showed that this material behaved virtually like an elastic solid, although a slight hint of plastic deformation was perceptible near the end of the stress-strain curve (G) obtained at 1300°C. Plastic deformation was clearly illustrated in the high stress range of the stress-strain curves for specimens tested at the low stressing rate of 7.5 MPa/min, indicating the material behaved as a viscoplastic solid at
FIG. 3 -LOAD-TRAIN ASSEMBLY FOR CERAMIC TENSILE TESTING AT ELEVATED TEMPERATURES USING INDUCTION HEATING, AND A MECHANICAL EXTENSOMETER INSTALLED AT THE TEST POSITION.
temperatures above 1150°C. The fracture strength (c4), rupture time (0, fracture strain (es), and plastic strain (e s) are also tabulated in Table I .
The values of elastic moduli, tabulated in Table 1 and plotted in Fig. 5 , were determined directly from the stress strain curves (A, C, E, and G) of the specimens tested under the high stressing rate. These values were correspondingly in good agreement with those determined from the low stress portion of the stress-strain curves (D, F, H, and .1) below ath, where creep was virtually negligible. However, the apparent elastic modulus for curve B was much lower than the elastic modulus for curve A. The dynamic effect was partially responsible for the discrepancy but only in small part. A large part of the difference was most likely attributed to material variation because the high stressing rate used in this experiment was still far below the so-called dynamic range where the stress wave travels at much higher speed. The cause of the discrepancy is not known due to the limited number of tests. For the present study, the difference in the modulus values is of secondary importance. 
GN-10 Si3N4
where 0 represents the numerator of Eq. 2. With the aid of Eqs.
4 and 5, Eqs. 1 and 3 can be integrated independently to obtain two equations for e and or, respectively, as functions of time t.
The time to tensile rupture (t,) is determined from the ur equation by setting j = I. The total tensile strain is the sum of the viscoplastic strain e calculated from the a equation and the elastic strain a/E, where E is the elastic modulus of the material. Tensile fracture strength and fracture strain are calculated, respectively, from Eq. 4 and the a equation at time t = Simulations were performed for the tensile stress-strain curves illustrated in Fig. 4 , using the analytical model. The experimental stress-strain curves obtained for specimens tested at the high stressing rate (2100 MPaimin) were well reproduced by simulated curves, which also showed a stress-strain relation that was virtually linear as those exhibited in Fig. 4 . However, tensile fracture strengths were overestimated for lower temperatures (>1200°) and underestimated for higher temperatures by about +60 to -37% as indicated in Table 1 .
Although not shown, curve B was also well simulated by a stress-strain curve, which was essentially linear, but the stressstrain slope for the simulation was slightly steeper compared to that of curve B because the elastic modulus of curve A was used in the simulation.
Viscoplasticity is clearly discernible from experimental stressstrain curves obtained for specimens tested at the low stressing rate of 7.5 MPa/min. To facilitate comparison, experimental curves obtained at 1200, 1250, and 1300°C and corresponding simulations are plotted for each temperature in Figs. 6 to 8. Although simulations somewhat underpredict actual stress-strain behavior in all three cases essential features of the actual viscoplastic behavior of the material are well reproduced. The fracture strengths are again underpredicted by about 25%. It should be noted that all the constants used in the model were determined based on creep curves and creep rupture data which represent long-term material properties. -In contrast, tensile rupture data must be characterized as short-temi material properties, which may not be well represented by the model that was primarily formulated to delineate the long-term material behavior. For this reason, life predictions by the model for extremely short-term tests were less accurate, but reasonable in all cases investigated. Another reason is that the parameters in Eq. 3 were determined from a small database, which contained noticeable scatter. 
CONCLUSIONS •
Tensile behavior was investigated on GN-10 Si 3N4 ceramic at elevated temperatures in the range of 1150 to I300°C. Two different stressing rates were used. Tensile behavior was shown to be sensitive to stressing rate in the temperature range above 1150°C. The material virtually behaved as an elastic solid at all the temperatures tested when specimens were loaded at a rate of 2100 MPa/min. However, the range of elastic response decreased and the material behaved as a plastic solid when specimens were loaded at 7.5 MPa/min. The elastic modulus of ON-10 at high temperatures was found to be a function of temperature. A viscoplastic model developed recently for characterization of creep deformation and creep rupture behavior of the same material was used to simulate the experimental tensile stressstrain behavior and to predict the fracture strength. Results showed the model was quite capable of simulating deformation behavior for all practical engineering applications, but estimated the high-temperature fracture strength somewhat conservatively.
